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Introduction {#sec1}
============

Pericytes (PCs) cover the majority of all capillaries in the human body ([@bib64]). PCs express markers that are shared with mesenchymal stem cells and smooth muscle cells, but in mid-capillary regions lack smooth muscle actin (SMA) expression ([@bib3], [@bib48]). PCs have been shown to promote regulation of vascular development, stabilization and maturation of vessels, and the maintenance of the blood-brain barrier ([@bib4], [@bib9]). Although PCs are essential for the development of the vascular tree ([@bib24]), their precise role in the control of blood flow through capillaries is still highly debated ([@bib35], [@bib43]). PCs are embedded in the capillary basement membrane (BM) and develop characteristic branched processes around microvessels ([@bib3], [@bib64]). This morphology, together with the presence of contractile proteins, such as actin, high concentration of myosin, tropomyosin ([@bib38], [@bib39], [@bib42], [@bib58]), suggests their functional role in applying mechanical forces to strengthen the blood vessel wall, and their participation in the regulation of microvascular blood flow in particular in the brain ([@bib32], [@bib50]). Notably, dysfunction or loss of PCs has been implicated in pathologies such as cerebral ischemia, Alzheimer disease, and diabetic retinopathy ([@bib30], [@bib31], [@bib40], [@bib60]). Thus, PC-endothelial cell (EC) mechanical interaction represents a potential target for therapy in such conditions.

PCs and ECs build up a variety of mechanical and biochemical interconnections. They use peg-and-socket contacts that contain gap junctions ([@bib22]) for direct communication and signaling, cell-to-cell adhesions by N-cadherins ([@bib55]), and integrin-mediated binding of both cell types to the extracellular matrix of the BM of the capillaries ([@bib53]). A critical component of the proper PC/EC assembly and vessel formation is EphrinB2 reverse signaling. Initial cell-to-cell contact during angiogenesis leads to EphrinB2 engagement by EphB membrane receptors and subsequent EphrinB2 phosphorylation. EphrinB2 phosphorylation, in turn, starts reverse signaling that promotes cell-to-cell adhesion formation ([@bib52], [@bib51]). In particular, the integrins and N-cadherins provide two independent adhesion systems that allow PCs to apply forces to their environment, thereby affecting the blood flow in the capillary. It has been shown that PC-EC connections through N-cadherins occur mainly during angiogenesis, being lost with vessel maturation and BM generation ([@bib20], [@bib23]). Hence, in mature resting vasculature the mechanical PC-EC connection is dominated by BM-mediated integrin adhesion. The BM in capillaries contains collagen type IV in the outer layer and laminin (LM)-411/511 in the inner layer close to the ECs ([@bib29], [@bib62]). PCs are situated within the BM where they may bind collagen and LM. Yet, electron microscopical analysis further suggests a role for 0.2--2-μm deposits of fibronectin (FN) as specific anchoring points ([@bib2], [@bib11], [@bib59]) ([Figure 1](#fig1){ref-type="fig"}A).Figure 1PCs Placed on PDMS Flat Surfaces Stamped with FN and LM-111(A) Schematic representation of the capillary BM. LM-411/511 and collagen IV are main components that form two layers. FN deposits are embedded into the LM part of the BM and situated in the PC-EC interstitia.(B and C) (B) Microcontact printing scheme for FN spots surrounded by LM-111 and (C) microcontact printing scheme for LM-111 spots surrounded by FN.(D) Confocal immunofluorescence images of PCs (dif31) seeded on the type of pattern depicted in (B) with vinculin labeled (green).(E) Confocal immunofluorescence images of PCs (dif31) seeded on the type of pattern depicted in (C) with vinculin labeled (green).(F) Percentage of PC (dif31) focal adhesions (FAs) located on FN and LM for (D).(G) Percentage of PC (dif31) FAs located on FN and LM for (E).In (F) and (G), the results are derived from three independent experiments performed with a minimum of two replicates. At least ten images were analyzed from each sample. NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

PCs may play an important role in mechanical regulation of the vasculature by providing additional mechanical strength to the endothelium or by regulating blood flow by their contractility. How this is realized is poorly understood, yet understanding of this process might lead to novel concepts in treatment of pathological conditions, and to the identification of novel targets for therapy. Here, we developed an *in vitro* model to investigate mechanical aspects of PC behavior. We utilized our previously described human induced pluripotent stem cell-derived PCs (hiPSCs) with a close to mid-capillary PC phenotype, lacking SMA expression ([@bib46], [@bib47]). Micropatterned surfaces of LM and FN mimicking BM structures were generated on surfaces varying in mechanical stiffness and in topography. This allowed us to obtain quantitative information on cell morphology and cell contractility. Our results show that (1) PCs strongly prefer FN over LM for adhesion formation, (2) PCs sense a preferred FN substrate stiffness for spreading, and (3) PCs respond to either lower or higher stiffness with increased traction forces, altered cytoskeletal organization, and decreased cell spreading. Our results suggest that FN deposits, as observed in the endothelial BM by electron microscopy, provide the anchoring points for mechanical regulation of capillaries by PCs.

Results {#sec2}
=======

Preferred Binding of PCs to FN Patches on Multilayered Substrates {#sec2.1}
-----------------------------------------------------------------

We investigated whether PCs may preferentially use FN deposits for attachment onto capillaries. As a source for PCs, we used hiPSC line LUMC06iCTRL-derived PCs ([@bib12], [@bib47]). As hallmarks for PCs, these cells lacked the endothelial marker CD31, they expressed the PC/mesenchymal stem cell markers PDGFRβ, NG2, CD146, CD44, CD73, and CD105, they expressed very little to no SMA, very little SMC markers, such as (SM)22 and calponin (CNN1), all distinguishing them from SMCs. Moreover, as we described earlier, these PCs promote vascular development in PC-EC co-cultures ([@bib46], [@bib47]).

We modeled LM and FN arrangements in the endothelium-PC interstitia, which has been described previously by electron microscopy ([@bib11]). In electron microscopy studies it was shown that FN was arranged in the form of micrometer-sized patches surrounded by LM-411/511 within the BM of capillaries ([Figure 1](#fig1){ref-type="fig"}A). To mimic the *in vivo* observations in our *in vitro* experiments we used a multilayer stamp-off method ([@bib15]) ([Figure 1](#fig1){ref-type="fig"}). First, a polydimethylsiloxane (PDMS) micropillar array consisting of 2-μm-wide pillars in a hexagonal arrangement of 2-μm spacing, activated in an UV-Ozone cleaner was pressed onto and released from an LM monolayer deposited on a flat PDMS substrate. The procedure left a homogeneous LM layer with patterned holes on the flat PDMS stamp. Subsequently, this layer was transferred onto a second flat FN-coated PDMS surface. In the resulting multilayered surface, FN was accessible through the holes in the LM layer ([Figure 1](#fig1){ref-type="fig"}B). For visualization FN was mixed with a low amount (\<1%) of Alexa 405 conjugated FN. LM-111 was visualized using an anti-LM-111 antibody followed by staining with an Alexa 647-coupled secondary antibody.

PCs were incubated for 4 h on the patterned substrates, fixed, and stained for F-actin and cell-matrix adhesion proteins. PCs could readily attach and spread on substrates coated with either LM or FN monolayers. However, in the patterned combined protein model, cells strongly preferred to attach to FN patches and avoided areas covered by LM. Vinculin and α~v~-integrin staining showed cell-matrix adhesions formed preferentially on FN patches, avoiding areas containing LM ([Figures 1](#fig1){ref-type="fig"}D, 1F, and [S1](#mmc1){ref-type="supplementary-material"}A).

To rule out effects caused by the order in which FN and LM were stamped on the surface, an inverse approach was taken. First the stamp-off method was used to create holes in the FN monolayer, which was subsequently transferred onto a flat PDMS surface coated with LM ([Figure 1](#fig1){ref-type="fig"}C). Again, vinculin staining revealed that PCs formed cell-matrix adhesions almost exclusively on the FN-coated area, whereas LM-111-coated areas were avoided ([Figures 1](#fig1){ref-type="fig"}E and 1G).

We further generated substrates consisting of crossing stripes of LM and FN by stamping a PDMS surface with a grid of 20- to 60-μm LM-111 and 20-μm FN lines ([Figure 2](#fig2){ref-type="fig"}A). Cells aligned on top of the FN lines and avoided areas that were stamped by LM. Vinculin staining showed that PCs developed cell-matrix contacts mainly on the vertical FN stripes, but not with the horizontal LM lines ([Figures 2](#fig2){ref-type="fig"}C and 2E). Finally, we combined the two micro-structuring techniques and generated surfaces in which 20-μm FN lines were placed under a layer of LM into which 2-μm-diameter holes were incorporated ([Figure 2](#fig2){ref-type="fig"}B). Strikingly, PCs were able to sense the small regions where FN was exposed through the holes in the LM layer, localized adhesions at these spots, and fully aligned to the FN stripes ([Figure 2](#fig2){ref-type="fig"}D).Figure 2PCs Placed on PDMS Flat Surfaces Stamped with FN and LM-111(A and B) Microcontact printing schemes for patterns with (A) a grid of crossing LM-111 and FN lines and (B) FN lines stamped under a layer of LM-111 with holes.(C) Confocal immunofluorescence images of PCs (dif31) seeded on the type of pattern depicted in (A) with vinculin labeled (green).(D) Confocal immunofluorescence images of PCs (dif31) seeded on the type of pattern depicted in (B) with vinculin labeled (green). Percentage of PC (dif31) focal adhesions (FAs) located on FN and LM for (E).In (E), the results are derived from three independent experiments performed with a minimum of two replicates. At least ten images were analyzed from each sample. NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test.

Together, our data showed that PCs adhered preferentially to FN, while avoiding LM areas when FN was present. This suggests that FN deposits in the PC-EC interstitia in capillaries, as previously identified by electron microscopy ([@bib2], [@bib11], [@bib59]), may indeed serve as preferred points for PC attachment to capillaries in the capillary BM.

Highest PC Spreading Is Accompanied by Lowest Force Application on FN Substrates of Intermediate Stiffness {#sec2.2}
----------------------------------------------------------------------------------------------------------

Next, we investigated whether FN deposits serve as mechanical anchoring points where PCs can sense and respond to variations in mechanical properties of capillaries and, vice versa, apply forces to mechanically modulate the extracellular matrix. As a model, PDMS micropillar arrays were generated using the same geometry as described above ([Figure 3](#fig3){ref-type="fig"}A). By varying the height of the pillars between 3 and 7 μm the effective stiffness of the arrays was 11.6, 29.5, 47.2, and 137 kPa, respectively ([Figure 3](#fig3){ref-type="fig"}B). This range of stiffness resembles that reported for a variety of tissues ([@bib45], [@bib36]). The pillar tops were functionalized with FN to which a low amount (\<1%) of Alexa 405/647-labeled FN was added. Such fluorescence labeling allowed monitoring pillar deflections and calculation of cellular traction forces to an accuracy of 0.5 nN using a fluorescence microscope ([Figure 3](#fig3){ref-type="fig"}C) ([@bib57]).Figure 3PCs Placed on PDMS Micropillar Arrays of Different Stiffness Stamped with FN(A) An example scanning electron microscope image of the micropillar array.(B) A table with pillar dimensions per stiffness used for experiments.(C) Confocal immunofluorescence images showing PCs (dif31) (actin staining in green) seeded on PDMS micropillar arrays of four different stiffness (from left to right: 11.6, 29.5, 47.2, and 137 kPa), functionalized with FN (red). Forces exerted on pillars are depicted with white arrows.(D and F) Average cell spreading area for two different PC lines, (D) PC dif31 and (F) PC dif43, on PDMS micropillar arrays after 4 h of incubation.(E and G) Average force application for two different PC lines, (E) PC dif31 and (G) PC dif43, measured after 4 h of incubation on PDMS micropillar arrays. Note that on 11.6-kPa micropillar arrays ∼25% pillars collapsed due to the apparent high forces, precluding deflection analysis. The gray bar represents the minimal force necessary for the pillar deflection equal to the interpillar distance. Actual average force may be higher. All error bars are SEM derived from five for PC dif31 line and three for PC dif43 line independent experiments performed in a minimum of two replicates. At least 30 cells were analyzed from each sample.NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test (A, B, and D) or ANOVA (E). See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

PCs derived from two independent differentiations (dif31 and dif43) were seeded onto the pillar arrays, fixed after 4 h, and stained for F-actin. Previously we showed that fixation had negligible effect on the analysis of cell spreading and force measurements ([@bib6]). PC spreading and force exertion varied with variations in substrate stiffness between 12 and 137 kPa. Spreading was highest at an intermediate substrate stiffness between 30 and 47 kPa, resulting in a mean cell area of up to 1,500 μm^2^ for one PC (dif31) line, and ∼500 μm^2^ for another PC (dif43) line. Spreading significantly decreased at both lower and higher substrate stiffness to below 800 μm^2^ for PC (dif31) line and ∼200 μm^2^ for PC (dif43) line ([Figures 3](#fig3){ref-type="fig"}D and 3F). The optimal spreading on intermediate substrate stiffness was paralleled by a low cellular force generation of 10--15 nN/pillar for both PC lines ([Figures 3](#fig3){ref-type="fig"}E and 3G). On pillars of either lower or higher stiffness, the decrease in spreading was accompanied by significantly higher force generation, reaching 35--40 nN/pillar for both PC lines (note: the high mean force value at the lowest substrate stiffness of 11.6 kPa refers to a lower limit since ∼25% of the pillars collapsed onto each other due to excessive forces under these conditions and could not be analyzed).

This behavior was different from the behavior of fibroblasts. For both SV80 ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B) and NIH-3T3 ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D) cellular forces gradually increased with substrate stiffness, in line with previous reports ([@bib49], [@bib61]). Across this stiffness range, spreading was largely constant for both fibroblast lines.

We further analyzed how variations in substrate stiffness affected formation and properties of cell-matrix adhesions. Immunofluorescence staining was applied to detect the focal adhesion proteins vinculin, paxillin, and talin on top of the micropillars. As reported earlier, focal adhesions developed solely on pillars at which cells applied a force ([@bib57]). The average cell-matrix adhesion area was determined ([Figure 4](#fig4){ref-type="fig"}). Remarkably, for all components analyzed, the cell-matrix adhesion area decreased from ∼2 μm^2^ at intermediate stiffness substrates to \<1.5 μm^2^ at high stiffness substrates ([Figure 4](#fig4){ref-type="fig"}G). Surprisingly, the correlations between size of the cell-matrix adhesion, the applied cellular force, and the substrate stiffness, as reported for various fibroblast cell lines ([@bib5], [@bib56], [@bib57]), did not hold for the hiPSC-derived PCs studied here.Figure 4Cell-Matrix Adhesion Area of PCs (dif31) Placed on PDMS Micropillar Arrays of High (137 kPa) and Intermediate (47.2kPa) Stiffness(A--F) Confocal immunofluorescence images of PCs (dif31) seeded on PDMS micropillar arrays of two different stiffness (137 and 47.2 kPa), functionalized with FN (blue). Cells were stained for vinculin (A and B), paxillin (C and D), and talin (E and F) (green).(G) Average cell-matrix adhesion area of PC cells on PDMS micropillar arrays with 137 kPa stiffness (right) and 47.2 kPa (left), after 4 h of incubation. All error bars are SEM derived from two independent experiments performed with a minimum of two replicates. At least 30 cells were analyzed from each sample. NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Together, our findings suggest that PCs bind specifically to FN patches, and sense and respond to changes in stiffness between 12 and 137 kPa. In contrast to fibroblasts for which we observed a continued increase in traction force with increasing substrate stiffness, PCs suppress traction forces and increase cell spreading within 30--50 kPa matrix stiffness range, while applying strong traction forces accompanied by limited cell spreading on both soft and stiff substrates.

A Switch in PC Cytoskeletal Organization on Stiff Substrates {#sec2.3}
------------------------------------------------------------

To further examine what may underlie the increased force application at reduced focal adhesion area on stiff micropillars, we analyzed the organization of the F-actin cytoskeleton ([Figure 5](#fig5){ref-type="fig"}A). F-Actin was labeled by phalloidin. The 3D structure of the actin skeleton was imaged for the various substrate stiffnesses. While straight, elongated F-actin stress fibers were visible on pillars of intermediate stiffness, on stiff micropillars PCs appeared to engulf the pillars and form ring-like F-actin structures that embraced multiple pillars. Notably, all array surfaces, excluding the upper pillar surface, were thoroughly passivated by Pluronic, effectively preventing cell attachment. Indeed, the F-actin rings observed below the upper surface of stiff pillars were not supported by cell-matrix adhesions. A 3D analysis of the location of the different components showed that, on stiff pillar arrays, actin fibers (green) were ∼1.5 μm below the FN-coated (blue) pillar tops, whereas cell-matrix adhesion components (vinculin, red) were exclusively localized at the upper surface ([Figure 5](#fig5){ref-type="fig"}A). By contrast, on pillar arrays of intermediate stiffness, FN, vinculin, and F-actin all coincided within 0.8 μm at the upper pillar surface.Figure 5Differential Actin Cytoskeleton Organization of PCs(A) Confocal images of the PC (dif31) actin cytoskeleton organization on (1) 137-kPa and (2) 47.2-kPa pillars. (A) 3) and 4) on the left, z projections of the boxed area showing actin (green) and vinculin (red) localization relatively to FN-coated (blue) micropillars; on the right, intensity profiles of the z projections, normalized to 100.(B) Schematic representation of the PC actin cytoskeleton organization on stiff micropillars.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

To analyze the role of cytoskeletal tension and cellular traction force application in relation to the switch in cytoskeletal organization on stiff substrates, PCs were treated with a low concentration (0.5 μM) of the ROCK inhibitor Y-27632. ROCK inhibition led to an increased spreading area of PCs on soft as well as stiff substrates, while the cell area on pillars of intermediate stiffness was hardly affected ([Figure 6](#fig6){ref-type="fig"}A). This indicated that the spreading area was limited by strong cellular contractile forces on soft and stiff substrates. Indeed, traction forces on stiff micropillars, but not on pillars of intermediate stiffness, were suppressed by a factor of ∼1.2 in the presence of Y-27632 ([Figure 6](#fig6){ref-type="fig"}B). Moreover, the reduction of traction forces caused by ROCK inhibition was accompanied by loss of the ring-like structures surrounding pillars ([Figure 6](#fig6){ref-type="fig"}C) and reversal of PC cytoskeletal morphology to parallel F-actin stress fibers located on top of the pillar arrays ([Figure 6](#fig6){ref-type="fig"}D).Figure 6Inhibition of ROCK Alters PC Spreading on Stiff (137 kPa) and Soft (11.6 kPa) PDMS Micropillar Arrays(A) Average PC (dif31) spreading area without (left) and with (right) Y-27632 (0.5 μM) after 4 h of incubation.(B) Average PC (dif31) forces, respectively.(C and D) Representative immunofluorescence images of PC (dif31) spreading and actin cytoskeleton organization (green) on PDMS micropillars (red) without Y-27632 (C) and with 0.5 μM Y-27632 (D) after 4 h of incubation. All error bars are SEM derived from two independent experiments performed with a minimum of two replicates. At least 30 cells were analyzed from each sample.NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test.

Suppression of PC Spreading on 2D Patterned FN Substrates of High and Low Stiffness {#sec2.4}
-----------------------------------------------------------------------------------

We next investigated whether the switch in cytoskeletal organization and the suppression of cell spreading on stiff micropillars was determined by the 3D topography of the micropillar arrays. For this purpose, 2D micropatterned substrates were designed, which consisted of FN spots within an LM monolayer on a flat surface whose stiffness could be varied, ranging from 3.6 to 250 kPa. As surface, we utilized hPAAm hydrogels that provide the same flexibility in substrate micropatterning as PDMS gels, but allow more precise stiffness modulation ([@bib28]). Flat PDMS stamps were generated and coated with a layer of LM-111 containing a hexagonal pattern of 2-μm-wide holes of 2-μm spacing, which was covered by an FN monolayer, creating a double layer of LM and FN. This stamp was subsequently inverted onto the hPAAm hydrogels of varying stiffness to print a pattern of FN spots embedded in LM similar to the geometry described in [Figure 1](#fig1){ref-type="fig"}B ([Figure 7](#fig7){ref-type="fig"}A). The stiffness of the hPAAm substrate was varied between 3.6 and 250 kPa, a stiffness range within what has been described for blood vessels ([@bib7], [@bib26], [@bib34], [@bib41]).Figure 7PCs (dif31) Spreading on Hydroxy-PAAm Hydrogels of Different Stiffness(A) Microcontact printing scheme of hPAAm hydrogels with FN spots surrounded by LM-111.(B) Representative immunofluorescence images of PCs (dif31) seeded on hydroxy-PAAm hydrogels of 3.6, 25, and 40 kPa stiffness (from top to bottom).(C) Average PC (dif31) spreading area on a palette of hydroxy-PAAm hydrogels with different stiffness and FN and LM stamping.(D) PCs (dif31) spreading on PDMS flat surfaces stamped with: (1) FN dots, (2) FN dots surrounded by LM-111, (3) FN monolayer, and (4) LM-111 monolayer; and glass coated with FN monolayer. All surfaces were blocked with BSA 1%. All error bars are SEM derived from three independent experiments performed with a minimum of two replicates. At least 30 cells were analyzed from each sample. NS, p \> 0.05, ^∗^p \< 0.05, ^∗∗^p \< 0.005, ^∗∗∗^p \< 0.0005 according to the Mann-Whitney test.

PCs were seeded onto these flat micropatterned substrates and fixed after 4 h of incubation. As observed for the pillar arrays, the spreading area followed a bell-shaped curve with low spreading at low and high stiffness, and increased spreading at intermediate stiffness. The spreading area doubled to its maximum value at 25 kPa (1,200 ± 60 μm^2^ on 3.6 kPa versus 2,500 ± 120 μm^2^ on 25 kPa), and decreased at high stiffness (1,600 ± 80 μm^2^ on 40 kPa) ([Figure 7](#fig7){ref-type="fig"}C). The cell spreading area on micropatterned hPAAm gels up to 250 kPa was still significantly lower than that observed on a continuous substrate of non-physiological stiffness, such as PDMS (1 MPa) and glass (1 GPa) ([Figure 7](#fig7){ref-type="fig"}D). The preference of PCs to attach to FN over LM was again seen on micropatterned hPAAm substrates. Areas covered with LM were less distorted than areas covered with FN indicating a preferential force application on FN-covered areas ([Figure 7](#fig7){ref-type="fig"}B). Furthermore, on gels with a stiffness \>40 kPa, the extracellular matrix coating was disrupted from the surface, further indicating the high forces applied by PCs at high substrate stiffness ([Figure 7](#fig7){ref-type="fig"}B).

Discussion {#sec3}
==========

PCs have been implicated in regulation of microvessel blood flow and capillary diameter in health and disease. Thus, the mechanical PC-endothelium interaction represents a potential target for therapy. However, it is not understood whether PCs actively and directly participate in control of the vascular diameter, nor is it understood how a putative mechanical connection between PCs and ECs is regulated. N-Cadherin-mediated binding of PCs to ECs is important during angiogenesis ([@bib24]), yet N-cadherin expression by ECs is downregulated with vessel maturation and BM formation ([@bib20], [@bib23]). Therefore, adhesion to the BM represents the most likely connection between PCs and ECs in mature, resting capillaries. The BM has a complex composition. Earlier studies pointed to a particular role for small FN deposits embedded in the LM-rich BM for PC adhesion ([@bib11]).

Our results support the role of FN deposits in PC interaction with the BM. By modeling FN deposits and their mechanical properties in different ways, we show that PCs have a strong preference toward FN over LM. PCs organize their cell-matrix adhesions mainly on FN while avoiding LM. PCs are guided by thin stripes of FN dots embedded in an LM layer. Interestingly, in the BM of tumor capillaries, FN is frequently overexpressed and is not organized as small distributed patches, but as a thick homogeneous layer ([@bib63]). This has been shown to be accompanied by a loose association between PCs and ECs, the opening of spaces separating the two cell types, and the formation of long PC protrusions into the tumor parenchyma, all resulting in wide, leaky microvessels ([@bib44]). Similar effects were reported in the complete absence of FN ([@bib53]). Nevertheless, PCs can also leave ECs in injury or normal development conditions and act as progenitor/stem cells ([@bib14], [@bib17], [@bib19], [@bib59]). Notably, in PC-EC co-cultures, FN expression was found to be upregulated in ECs, yet downregulated in PCs ([@bib53]), implying that FN in the capillary BM originates mainly from ECs. Hence, it is conceivable that a tight crosstalk between ECs and PCs exists, which orchestrates the formation of an LM-rich BM containing small FN deposits. Altogether, our work and the previous findings point to a critical role for the organization of FN deposits in the LM-rich BM for PC adhesion and microvascular function.

Our data provide evidence that capillary FN deposits can serve as points for PC mechanosensing and mechanotransduction. PCs respond to the variation in FN-patterned substrate stiffness with changes in force application, spreading, and cell-matrix adhesions size. PCs show optimal spreading on intermediate (20--40 kPa) substrate stiffness, whereas the spreading area was suppressed on both soft and stiff, which is paralleled by an increased size of cell-matrix adhesions on intermediate stiffness substrates. Such mechanoresponsive behavior aligns with the "molecular-clutch hypothesis" ([@bib1]), which assumes that a response to mechanical cues decreases below or above an optimal rigidity by an increase in the molecular unbinding rate. The increased unbinding would result in lower cell forces, smaller cell substrate adhesions, and an ineffective cell spreading on very soft and very rigid matrices. The molecular-clutch model faithfully describes the mechanoresponse of neuronal growth cones and glioma cells ([@bib1], [@bib8], [@bib10]). Remarkably, we find that forces applied by PCs on intermediate stiffness substrates are lower than on soft or stiff substrates, which differs from earlier observations with other, in particular fibroblastic, cell types ([@bib25], [@bib33]). Our own direct comparison with human and mouse fibroblasts where cellular traction forces gradually increase with increasing substrate stiffness corroborate those findings. Another prediction of the molecular-clutch model is the cellular response to suppression of myosin activity ([@bib1]). Indeed, we observe that mild ROCK inhibition, which would attenuate force generation, improves PC spreading on stiff and soft substrates.

The high forces and small spreading area observed for PCs on stiff micropillar arrays were accompanied by a dramatic change in cytoskeletal F-actin organization. In comparison with the linear organization of stress fibers on intermediate stiffness pillars, PCs formed circular F-actin rings surrounding very stiff micropillar arrays. Cell-matrix adhesions assembled on the FN-coated surface of such pillar arrays, but the actin-ring structures encircled multiple pillars below the pillar tops. We hypothesize that such engulfing through ring-like F-actin cytoskeleton organization could represent a cell adaptation process toward the "frictional slippage" regime described earlier ([@bib18]), allowing PCs to increase forces on substrates outside their optimal rigidity. In line with this hypothesis, we found that mild ROCK inhibition reversed the change in F-actin cytoskeletal organization back to an organization as observed on intermediate stiffness.

The use of flat hPAAm hydrogels instead of PDMS micropillars, allowed us to eliminate the effect of substrate topography while keeping the opportunity to tune the substrate stiffness. On flat 2D micropatterned surfaces the PC behavior was similar to that found on micropillar arrays: PCs showed optimal spreading on intermediate stiffness substrates. Yet, we noticed that the optimal stiffness for PC spreading differed on hPAAm hydrogels (25 kPa) to that on PDMS micropillar arrays (47 kPa). This small, yet significant, difference is likely due to the 2D versus 3D geometry of the substrates, the tightly restricted area for cell-matrix adhesions on the micropillar arrays, and/or the absence of LM in the micropillar model system. Interestingly, for micropatterned hydrogel substrates, the stiffness range of 15--25 kPa supporting optimal PC spreading was close to that determined by atomic force microscopy for ECs and smooth muscle cells ([@bib36], [@bib45]), indicating that this stiffness range represents a response in a physiologically relevant stiffness regime. Behavior of PCs observed in this study may provide an insight on the way PCs distinguish deviations of the microvessel stiffness from the normal and react by increasing contractile forces. A limitation of this study is the unavailability of *ex-vivo*-isolated mid-capillary PCs. We derived CD31- PCs from an hiPSC line and used different differentiations. Robustness of PC behavior described here could be further increased using PCs derived from multiple independent hiPSC lines in future studies.

Taken together, our study shows that PCs strongly prefer FN over LM, that PCs recognize and align to FN dots within an LM substrate, that PCs apply forces to FN deposits, and that PCs are able to sense variations in mechanical properties of the FN deposits and respond to this by changing traction force, cell spreading area, and the size of cell-matrix adhesions. Our findings also point to a mechanoresponsive behavior of PCs that significantly differs from that observed for fibroblasts and other cell types. Our findings support a role for FN deposits in the BM as adhesion points for mechanoregulation of the microvasculature by PCs. Our *in vitro* model system of micropillar arrays/micropatterned hydrogels in combination with hiPSC-derived PCs described earlier ([@bib13], [@bib47]) can be a valuable testbed to study the mechanisms of PC force regulation in physiology and pathology under well-controlled conditions and may serve as a model for drug discovery efforts.

Experimental Procedures {#sec4}
=======================

Cell Culture {#sec4.1}
------------

CD31- hiPSC line LUMC06iCTRL-derived PCs ([@bib12], [@bib47]) (dif31 and dif43) and SV80 human fibroblasts cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco/Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (HyClone, Etten-Leur, the Netherlands), 25 U/mL penicillin, and 25 μg/mL streptomycin (Invitrogen/Fisher Scientific). NIH3T3 mouse fibroblasts were cultured in DMEM (Sigma) supplemented with 10% calf serum (Thermo Scientific/Sigma), 2 mM glutamine, and 100 μg/mL penicillin/streptomycin. For all experiments cells were seeded at 20,000 cells directly on the patterned surface. After 4 h of incubation they were fixed for 10 min in 4% paraformaldehyde in PBS for immunostaining.

Immunostaining {#sec4.2}
--------------

After cells were fixed, they were permeabilized for 10 min with 0.1% Triton X and blocked for 1 h with 1% BSA (Sigma, a2153) in PBS. For cell-matrix adhesion assays after 4 h of incubation, cells were washed in cytoskeleton buffer (CB), incubated 15 s in 0.1%--0.25% Triton X, 0.4% paraformaldehyde, and 1 μg/mL phalloidin in CB, washed again with CB, and fixed for 10 min with 4% paraformaldehyde in CB. Finally, they were permeabilized for 10 min with 0.5% Triton X and blocked for 1 h with 1% BSA in PBS. Immunostaining was done depending on the experiment, with Alexa 532 phalloidin---1:500 stock concentration in PBS over 30 min (Thermo Fisher Scientific, a22282) or primary antibodies against paxillin (Thermo Fisher Scientific, aho0492), talin (Sigma, t3287), vinculin (Sigma, v9131), alpha-v integrin (Merck Millipore, mab1978), beta-1 integrin (Santa Cruz, sc-18887) with 1:200 stock concentration, or LM-111 with 1:500 stock concentration in 1% BSA in PBS over 2 h (Sigma, l9393), followed with Alexa 532 or Alexa 647-conjugated secondary antibodies against mouse immunoglobulin G (IgG) with 1:200 stock concentration (Thermo Fisher Scientific, a11002 and Jackson, 115-605-006, respectively) and Alexa 647-conjugated secondary antibody against rabbit IgG with 1:500 stock concentration in 1% BSA in PBS over 2 h (Thermo Fisher Scientific, a21244).

PDMS Surface Patterning with FN and LM {#sec4.3}
--------------------------------------

PDMS surface with 2,300 kPa stiffness and a pattern, where LM surrounds FN spots or inverse, was produced by combining stamp-off and microcontact printing methods ([@bib15]). Two flat PDMS (Sylgard 184, Dow Corning) 1:30 (crosslinker:prepolymer ratio, cured 16 h at 65°C) stamps were separately incubated for 60 min with a 40-μL drop of 50 μg/mL LM-111 (Sigma, l2020) in Milli-Q water and a 40 μL mixture of 50 μg/mL FN (Sigma, f1141) plus 10 μg/mL Alexa 405-FN in Milli-Q, washed with Milli-Q and dried under laminar flow. Using UV-Ozone-activated PDMS 1:10 micropillar arrays, where 2-μm-diameter pillars with 2-μm spacing and hexagonal order, we obtained holes in one of the layers. Furthermore, two stamps were inverted one-by-one on top of the UV-Ozone-activated PDMS 1:10 surface and incubated for 10 min each, to get a previously modified protein sheet on top of the uninterrupted layer of the second ([Figures 1](#fig1){ref-type="fig"}B and 1C).

PDMS surfaces with a grid of crossing FN and LM lines were obtained in a similar manner. First, two PDMS 1:10 molds with 5-μm-high lines of different width were produced using replica molding from a silicon wafer. After UV-Ozone activation for 10 min, they were pushed onto PDMS 1:30 stamps with a protein layer dried on them. Following 10 min of incubation and removal, this mold left a negative of the pattern in the protein layer on top of the PDMS stamps. Furthermore, PDMS stamps were inverted on top of the UV-Ozone-activated PDMS 1:10 surface, creating a pattern of crossing LM and FN lines on it ([Figure 2](#fig2){ref-type="fig"}A).

PDMS surfaces with FN lines under a layer of LM with holes were printed using PDMS stamps with LM and FN layers modified as mentioned previously. The PDMS micropillar array was used to make holes in the dry LM monolayer and the PDMS mold with lines was used to create a line pattern in FN. Furthermore, these stamps were loaded on top of the UV-Ozone-activated PDMS surface, with the FN stamp going first ([Figure 2](#fig2){ref-type="fig"}B).

Finally, all patterned PDMS surfaces were blocked for 1 h with 1% BSA.

PDMS Micropillar Array Preparation {#sec4.4}
----------------------------------

PDMS micropillar arrays were prepared as was described previously ([@bib57], [@bib16]). In brief, an Si master mold was made using a two-step deep reactive ion etching process. This yielded a 10 × 10-mm hexagonal array of 2-μm-diameter holes with 2-μm spacing and varying depth, flanked by two 50-μm-deep 10 × 2-mm tranches. After mold passivation with trichloro silane (Sigma), PDMS 1:10 was poured over it and cured for 20 h at 110°C. The peeled off PDMS had a negative of the mold shape with micropillar array and 50-μm-high spacers on the sides of it. This array was functionalized with the help of PDMS 1:30 stamps and dried protein of interest on top of them. A 40-μL drop of FN or LM-111 mixture in water was incubated for 60 min on the PDMS 1:30 stamp, then washed and dried under laminar flow. This stamp was then gently loaded onto UV-Ozone-activated PDMS micropillar array for 10 min. Finally, stamped array was blocked with 0.2% Pluronic (F-127, Sigma) in PBS for 60 min at room temperature and washed with PBS.

Hydroxy-Polyacrylamide Gel Preparation {#sec4.5}
--------------------------------------

Hydroxy-polyacrylamide (HPAAm) hydrogels were made following a previously described method ([@bib28]). Gels stiffer than 40 kPa were obtained by increasing polyacrylamide monomer concentration with a fixed monomer/crosslinker ratio of 29:1 following a procedure reported earlier ([@bib27], [@bib37]). Furthermore, gels were stamped with an LM and FN pattern where FN spots were surrounded by LM. This was achieved by using adapted stamp-off and microcontact printing approaches as described by [@bib15]. A 40-μL drop of 50 μg/mL LM-111 in Milli-Q water was incubated for 60 min on top of the 10 × 10-mm PDMS 1:30 stamp, followed by washing and drying under laminar flow. Then the UV-Ozone-activated PDMS micropillar array was pushed onto the dry LM-111 monolayer to obtain holes in the places of micropillar-LM-111 contacts. After 10 min of incubation the array was removed and a second 40-μL drop of 50 μg/mL FN plus 10 μg/mL Alexa 405-FN in Milli-Q was gently spread onto the first layer for 1 h. Finally, the stamp was washed and dried under laminar flow. HPAAm hydrogels were dried using nitrogen flow and incubated with the stamp for 1 h ([Figure 7](#fig7){ref-type="fig"}A), following blocking with 1% BSA in PBS o/n and washing with PBS.

Microscopy {#sec4.6}
----------

Confocal imaging was performed on a home-built setup based on an Axiovert 200 microscope body (Zeiss), spinning disk unit (CSU-X1, Yokogawa), and an em-CCD camera (iXon 897, Andor). IQ software enabled setup control and data acquisition. Lasers of 405 nm (CrystaLaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt), and 642 nm (Spectra Physics) wavelengths were coupled into the CSU via a polarization-maintaining single-mode fiber. Spacers on the sides of the micropillar arrays allowed placing them upside down onto \#0 coverslips (Menzel Glaser) with adhered cells facing down. This approach ensured reproducible cell observation within the limited working distance of a high NA objective on an inverted microscope. For PDMS and hPAAm 2D assays parafilm spacers were made directly on top of the glass coverslips.

Image Analysis {#sec4.7}
--------------

Cell spreading area was quantified using FIJI software. First the background was subtracted by adjusting the threshold level, followed by the cell edge selection with a tracing tool. Finally, the mean values for at least 30 cells per condition were calculated.

Cell traction forces were measured by using micropillar array technology ([@bib54], [@bib16], [@bib21]) and quantified as described previously ([@bib57]). Micropillar tops were functionalized with fluorescently labeled FN or LM with further immunostaining. This allowed us to detect deflections with ∼30 nm accuracy, which corresponded to a force precision of 500 pN for soft and 2 nN for stiff pillars, respectively. Analysis was performed using a specifically designed MATLAB script.

The cell-matrix adhesion area was determined as described by [@bib6]. Fluorescent images of cell-matrix adhesion proteins were passed through a Gaussian lowpass filter, followed by a hole-filling algorithm and watershed-segmentation. All results were manually controlled to remove images with incorrect adhesion-detection due to a low signal-to-noise ratio.

Statistical Analysis {#sec4.8}
--------------------

To assess significance of the difference between two conditions, the Wilcoxon rank-sum test was used. This test is an equivalent to a Mann-Whitney U-test. The significance for the force application by PCs represented in graph 3E was quantified using an ANOVA test comparing means of the mean values determined for at least three independent experiments per each stiffness.
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